Nighttime hourly mean values of D, H and Z (or X , Y and Z in a few cases) from 113 observatories for the interval 1964.0 to 1966.0 have been analyzed to determine the semi-annual variation. Results from the 84 observatories with dip latitudes between ±60
Introduction
The solar-cycle, the annual and semi-annual variations are the longest period peaks of external origin in the geomagnetic spectrum. Thus they are of particular importance for placing constraints on estimates of the lower-mantle conductivity. Global models have been made of the 11-year and annual variations (e.g. Malin and Işıkara, 1976; Harwood and Malin, 1977) , but modelling of the semi-annual variation has hitherto been confined to the principal P 0 1 term (e.g. Banks, 1972) . The particular importance of the semi-annual variation is that, apart from the 27-day recurrence tendency and its harmonics, it is the only significant spectral peak between the daily (24-hour) and annual lines (see Black, 1970) .
It is important to distinguish between the semi-annual variation of the field itself, considered here, and the more widely studied semi-annual variation of magnetic activity (McIntosh, 1959; Gupta and Chapman, 1967; Russell and McPherron, 1973) . The two phenomena both have extrema near the equinoxes suggesting a common origin. There are several possible mechanisms. Since we use data for quietSun years and omit the 5 International Disturbed Days of each month, the contribution of magnetospheric compression is minimal. Also, by using only nighttime data, the effect of ionospheric currents is virtually eliminated. So the variation we are looking at here is likely to be due principally to semi-annual changes in strength or position of the ringcurrent. One possible mechanism is that more solar-wind ions are available for trapping when the Earth is at relatively high latitudes. The Earth is at high heliographic latitude (>7.23
• ) for the week centred on September 9 and is at low heliographic latitude (< −7.23 • ) for the week centred on March 7; both times precede the equinoxes by approximately two weeks. Another possibility is that the magnetosphere is Copy right c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences. more effective at trapping particles when it is symmetrical with respect to the Earth-Sun line, viz. at the equinoxes. The annual north-south migration of the ring-current postulated by Fukushima and Nagata (1968) and by Malin and Işıkara (1976) would cause it to pass directly over a low latitude observatory twice a year, resulting in a semi-annual variation. This effect has been investigated by McCreadie and Butcher (1993) .
The purpose of the present study is threefold. Firstly, it presents the first detailed global model of semi-annual variation. Previous analyses have either been confined to a small number of observatories, with no attempt at global coverage, to investigate specific features (Campbell, 1980 (Campbell, , 1981 Hibberd, 1985; Rangarajan and Bhargava, 1987; Butcher and Schlapp, 1992; Rastogi, 1993; Rastogi et al., 1994) , or have been concerned with only one, or a very few spherical harmonics (McLeod, 1994) . Secondly, we provide data which, in combination with other investigations, should help to elucidate at least the ring current part of the mechanism for the semi-annual variation. Thirdly, it provides data at an important frequency for use in estimating the conductivity of the mantle.
The Data
The data are hourly mean values of the magnetic elements of declination, D, horizontal intensity, H , and vertical intensity, Z , (or, in a few cases, north intensity, X , east intensity Y , and Z ) from magnetic observatories. They have been compiled and put into machine-readable form by D. E. Winch, with some corrections by U. Schmucker, and further corrections to Pilar and Teoloyucan. The data cover the interval from 1964.0 to 1966.0 for some 130 magnetic observatories.
For reasons given by Campbell (1980) and Malin and Winch (1966) , and for compatibility with Malin and Işıkara (1976) we chose to analyse nighttime data, consisting of the mean of five hourly mean values centred on the hourly mean value that includes local midnight, one mean for each day. These we call the "nighttime means".
Method of Analysis
This is closely similar to that described by Malin and Schlapp (1980) . For a given observatory, each nighttime mean provides an equation of condition of the form H (t) = H 0 + a 0 t + a 1 cos t + b 1 sin t + a 2 cos 2t + b 2 sin 2t, where t increases from 0 to 2π from January 0.0 to December 31.0, H 0 represents a constant term, a 0 t the secular variation (assumed to be linear over the 2-year interval analysed), a 1 cos t +b 1 sin t the annual variation and a 2 cos 2t +b 2 sin 2t the semi-annual variation.
The constants H 0 , a 0 , a 1 , b 1 , a 2 , b 2 , were determined, separately for each observatory and element, from the equations of condition by least-squares analysis of all the data. Their standard deviations were obtained as detailed by . We denote those for a 2 and b 2 by σ a and σ b respectively. The values of a 2 , b 2 , σ a and σ b are the data for subsequent global analysis of the semi-annual variation.
All the H and D results were converted to X and Y .
Quality Control
The nighttime means were plotted, together with curves synthesized from (H 0 , a 0 ) and (H 0 , a 0 , a 1 , b 1 , a 2 , b 2 ) . Each of these plots was examined for implausible values and for discontinuities, and these were checked against the original sources. Most of the apparently wild values were found to be real, but a few typographical errors (in the data for Pilar and Teoloyucan) were detected and corrected. The discontinuities resulted from unexplained changes of baseline. High quality baseline control is required for the reliable determination of the semi-annual term. Several of the observatories (particularly whose primary purpose was the monitoring of shorter-period variations) either did not monitor their baselines, or had inadequate documentation of them. These observatories were rejected.
The results are given in Table 1 , with the observatories listed in order of colatitude. Their geographic positions are shown in Fig. 1 .
Spherical Harmonic Analysis
We represent the global-scale features of the semi-annual variation with a spherical harmonic model of modest order and degree. Such a model would be expected to represent those parts of the variation that originate in the ring-current and magnetosphere, together with the induced reflection of these within the Earth. It could not hope to reproduce the high-latitude effects (ascribed by Malin and Işıkara (1976) to the auroral electrojets) where large fluctuations occur over a small range of latitude. Neither could it model any oceancorrelated effect, since the oceanic outlines require spherical harmonics of higher order and degree for their representation.
To avoid swamping the model with the large auroral-latitude variations, we followed the example of Malin and Işıkara (1976) in excluding from the analysis all observatories at high dip-latitude (| | > 60
• , where tan = 1 2 tan I m = Z m /2H m ; and I m , Z m and H m denote the observatory values of dip, vertical and horizontal intensity, respectively, meaned over the data-interval). There were 29 such observatories. This left 84 observatories with X , Y and Z data suitable for spherical harmonic analysis, giving two sets of 252 equations of condition, one set for a 2 and one for b 2 . The equations were weighted inversely as the variance of a 2 (or b 2 ) and solved by the method of least squares, using matrix inversion. The standard deviation of the spherical harmonic coefficients are given by sd = (QW/N ) 1/2 , where Q denotes the sum of squares of weighted residuals, W is the diagonal element of the inverse matrix corresponding to the required spherical harmonic and N denotes the number of degrees of freedom. Separate analyses are performed for a 2 and b 2 , though both are part of the same harmonic. For this reason we choose to determine the same set of spherical harmonic coefficients for a 2 as for b 2 . We judge the significance of a spherical harmonic term by R, the ratio of its amplitude to its vector standard deviation,
Here, A and B denote corresponding spherical harmonic coefficients from the a 2 and b 2 analyses respectively, and σ A and σ B denote their standard deviations. If R exceeds 1.73 the harmonic is significantly different from zero at the 5 per cent level.
Which spherical harmonic coefficients should be included in the model? Tradition dictates that the model should be complete up to some chosen order and degree, but this is merely a hangover from the days of hand-computation and is no longer necessary. The larger the number of coefficients, the smaller will be the sum of squares of residuals and the closer the fit to the data. But closeness of fit is not a satisfactory criterion. When the number of coefficients equals the number of observations an exact, but not necessarily realistic, fit will be obtained.
Following Anderssen (1969), we consider the ideal model to be that that includes all the harmonics that are significant, and none that are not. Unfortunately, this does not define a unique model, since the significance of a coefficient depends on the set of other coefficients with which it is determined. We have found different, but self-consistent, sets of coefficients that satisfy the above criterion experimentally, and for different significance levels. In such cases, we opt for the model with the smaller standard deviations.
Our strategy to find a model that satisfies the requirements is as follows.
1. Choose a level of significance, e.g. R > 1.73 for the 95 per cent level, or R > 1 if we merely wish the harmonic to exceed its vector standard deviation (see Malin and Schlapp, 1980, Appendix) .
2. Supply an initial set of harmonics. This can be the null set, but in our opinion it is preferable to do a few pilot analyses starting with a full set of harmonics and, for each successive analysis, dropping those that were not significantly determined. After a very few such iterations, all the remaining coefficients are significant, and this set of harmonics forms a suitable "initial set".
3. Up to a chosen upper limit, add the missing harmonics one at a time and re-analyse. If one of the added harmonics should yield a significant coefficient, it is included in the new "initial set" and the process starts again. Any harmonic that is insignificant in the presence of the new one is omitted.
When the process is complete, all the chosen coefficients are significant, and no single one of those omitted would be significant if it were included with the final set. We have arbitrarily chosen an upper limit of m = n = 4 for both the internal and external parts, giving a total of 48 available spherical harmonics. Here m denotes the order and n the degree of the spherical harmonic. It was not considered that the data were adequate in quality or distribution for the determination of higher order and degree coefficients. Table 2 gives the results of the analysis for the optimal model with only 6 spherical harmonics, there being 5 external and 3 internal coefficients for and for a 2 and for b 2 . Also tabulated are the results when all 6 internal and external terms for a 2 and for b 2 are included, and given in the last row of Table 2 is The ratio of the internal to the external part of g 0 1 is 0.300 ± 0.064. This is unexpectedly large compared with 0.105 ± 0.032 found by Malin and Işıkara (1976) for the annual term and 0.12 ± 0.07 for the 11-year variation (Harwood and Malin, 1977) . It is closer to the ratio 0.37 found for the daily (24 hour) variation (Malin, 1973) .
Results and Discussion
To show the significance of the chosen spherical harmonics in the potential for semi-annual variation, the Akaike Information Criterion (AIC), as defined by Akaike (1974) can be used, with N as the number of data points, AIC = N log(mean square residual) +2(number of parameters).
For the chosen model with 16 spherical harmonic coefficients, the sum of squares of residuals is 6541.73 and the AIC is 426.32. Other converged models, typically with 24 spherical harmonic coefficients, have a smaller sum of squares of residuals 6064.73, but a larger AIC of 452.78. The increased number of spherical harmonic coefficients gives a reduction in the sum of squares of residuals but an overall increase in the AIC. The model given in Table 1 has the smallest AIC of all converged models, as required for a preferred model.
The equivalent internal and external current functions associated with the model are shown in Figs. 2 and 3 . Figure 2 shows the currents deduced from the analysis of a 2 which correspond to those flowing at the start and middle of the year. Figure 3 , from the b 2 coefficients, represents the currents one eighth or five eighths through the year (February 15 or August 16). The currents are represented by flow parallel to the contours in a (hypothetical) thin spherical shell concentric with and of the same radius as the Earth. By far the largest currents are the external ones. The internal currents show interesting features over the Pacific Ocean, but this is probably because of the paucity of the data there, rather than a real effect. Note however, that the coefficients in the preferred model are all statistically significant at the 95% level, and every effort has been made to minimise the degree n of the analysis and the number of terms. The exclusion of high-latitude observatories has further reduced noise in the input. Considering only the P 0 1 external coefficient, the maximum semi-annual variation is found to have a 95 per cent probability of occurring between January 30 and February 11. This is closer to the March 7 time predicted by the heliographic latitude hypothesis than to March 21 time of the equinoctial hypothesis, but is uncomfortably earlier than both predictions. For P 0 2 , external, the extremum (this time a minimum) has a 95 per cent probability of occurring between February 21 and March 1, again favouring the heliographic latitude hypothesis over the equinoctial.
It is common when determining g 0 1 for induction studies to do an analysis that includes no other terms. Since the observatories are far from being orthogonally distributed, the determined coefficients g 0 1 will contain a contribution from the undetermined harmonics. To see how serious this effect might be on the internal/external ratio we have done such an analysis. The results are given in the final row of Table 2 . The greatest change is to the dominant term, for b 2 external, which is diminished by 30 per cent. The ratio of external to internal amplitude is 0.45±0.10. Clearly, seriously misleading ratios can be obtained from such single term harmonic analyses, and this is likely to apply to frequencies other than the semiannual.
